Abstract.-The phylogeny of grouse (Aves: Tetraoninae) was reconstructed using four noncoding loci: two were W-linked, one was autosomal, and one was the mitochondrial control region (CR). The rapidly evolving CR provided resolution throughout the tree, whereas the slowly evolving nuclear loci failed to resolve deeper nodes. The tree based on all four loci combined was almost identical to the CR tree and did not improve resolution or bootstrap support. The stemminess and imbalance of the trees were good determinants of the quality of the phylogenetic signal. The skewness of the tree score distribution (g 1 ) behaved contrary to prediction; loci that had a more symmetric tree score distribution produced trees that had greater stemminess and balance. The quality of the phylogenetic signal was related to the evolutionary rate. Four clades of grouse were discovered. Two of these clades corresponded to currently recognized genera Bonasa and Lagopus. Bonasa was the sister to other grouse and Lagopus was the sister to the other two non-Bonasa clades. The third clade included Falcipennis, Tetrao, and Lyrurus. The fourth clade included the genera Centrocercus, Dendragapus, and Tympanuchus. The data support recognition of Falcipennis canadensis franklinii and Dendragapus obscurus fuliginosus as species.
Many authors have argued that phylogenetic relationships can be best inferred from several independent gene trees (Pamilo and Nei, 1988; Wu, 1991) . Mitochondrial genes are particularly valuable for phylogenetic analysis. Moore (1995) estimated that 16 independent nuclear gene trees are needed to match the probability of resolving the species tree provided by a single mitochondrial gene tree. However mitochondrial genes are inherited as a single linkage group and therefore are not independent. Multiple independent gene trees can be obtained by using nuclear loci from different chromosomes. To develop a phylogenetic hypothesis for grouse (Aves: Galliformes, Phasianidae, Tetraoninae), I sequenced four noncoding loci: two W-chromosome specific, one autosomal, and one mitochondrial. These loci allow three independent estimates of the phylogeny of grouse (although both the W chromosome and mitochondria are inherited through females in birds and thus share phylogenetic history) and provide an opportunity to both compare their performance in phylogenetic reconstruction and determine factors affecting the structure and robustness of the phylogenetic reconstruction. Noncoding loci were chosen because they experience lower selection pressure than do coding sequences (Graur and Li, 2000) and thus may be better suited for both phylogenetic reconstruction at all levels of divergence and for comparisons of phylogenetic performance across different parts of the genome. Bayer and Starr (1998) showed that relatively short noncoding chloroplast loci produced a phylogenetic tree with resolution similar to that of a tree based on much longer coding sequences.
Traditional wisdom suggests that slowly evolving loci are useful for inferring relationships among distantly related taxa and rapidly evolving loci are more useful for inferring relationships among closely related taxa. However, Yang (1998) showed that rapidly evolving sequences provide better phylogenetic resolution as long as the sequences can be unambiguously aligned. Here, I compare the phylogenetic performance of the rapidly evolving mitochondrial control region (CR) with that of more slowly evolving nuclear loci.
Theoretically the sex chromosome of the heterogametic sex (female-specific W chromosome in birds) could be of special value for inferring phylogenies because, like mitochondria and unlike autosomes, the W chromosome is inherited uniparentally and most of it does not recombine. In mammals, the male-specific Y chromosome evolves more quickly than do autosomes (Miyata et al., 1987) . The inheritance pattern of the W chromosome argues for faster evolution of W-specific sequences than for other nuclear loci. However, recent comparative studies of the rate of evolution of the avian chromo-ATPase/helicase DNAbinding domain (CHD) gene showed that the W-specific copy has fewer substitutions than the Z-specific copy shared by both sexes (Ellegren and Fridolfsson, 1997; Fridolfsson et al., 1998; . This difference in rates of substitution between the W-specific and the Z-specific copies is proportional to the difference in the number of replicative divisions of germline cells in oogenesis and spermatogenesis . Thus, the comparison of the phylogenetic performance of the W-specific and autosomal loci could provide insights into the importance of inheritance pattern versus evolutionary rate for phylogenetic reconstruction.
Simultaneous analysis of potentially heterogeneous data sets is a continuously debated issue in phylogenetics (de Queiroz et al., 1995; Huelsenbeck et al., 1996) . Supporters of opposing views have presented valid criticisms of both methodologies, such that there is no consensus about whether independent data sets should be combined. I conducted separate analyses for each data set, examined the degree of incongruence among individual reconstructions, and performed a simultaneous analysis of all loci. Combined analysis of the CR and the three nuclear loci allows testing of the hypothesis that phylogenetic signal from loci with different evolutionary rates can provide resolution of a combined tree at different levels. Huelsenbeck et al. (1996) noted that although common this argument has yet to be tested.
Three statistics have been suggested to judge the quality of phylogenetic signal: the g 1 statistic (Zar, 1996) , tree stemminess, and tree balance (Rohlf et al., 1990; Smith, 1994; Kim, 1998) . The g 1 statistic measures the skewness of the distribution of tree scores. Several authors have pointed out that leftskewed distributions (g 1 < 0) of tree scores indicate that only a few trees will have low scores, i.e., the lower the g 1 value, the closer the tree with the lowest score is to the real tree (Fitch, 1979 (Fitch, , 1984 Le Quesne, 1989; Hillis, 1991; Huelsenbeck, 1991) . Hillis (1991) calculated that g 1 < −0.67 indicates that the observed tree score distribution is outside of the 99% confidence limits of the tree score distributions of random data for trees involving as few as six taxa. However, Källersjö et al. (1992) demonstrated that the g 1 statistic is ill suited for evaluation of phylogenetic signal, and if anything the relationship between degree of congruence among characters and skewness is opposite to the prediction.
Trees with low stemminess and imbalanced trees are difficult to resolve (Rohlf et al., 1990; Kim, 1998) because they have long terminal and short internal branches (Smith, 1994) . Tree stemminess is measured by the noncumulative stemminess index St N , and tree imbalance is measured by the relative imbalance index SI b (Rohlf et al., 1990) . A tree is considered perfectly balanced if all its branches lead to symmetrically dichotomous nodes. A tree is the most imbalanced if it has a ladderlike branching pattern, with each branch leading to a node with a terminal branch and another branch leading to the next node. Long terminal branches may cause two problems. First, they may decrease resolution and bootstrap support of shorter branches connecting internal nodes. Second, long terminal branches increase the probability of long-branch attraction (Felsenstein, 1978) . The resulting trees may appear well resolved, with branches supported by high bootstrap values, even though the trees are incorrect (Huelsenbeck, 1991; Smith, 1994) .
Taxonomy of grouse (Tetraoninae) is unstable. For example, Johnsgard (1983) recognized 16 species and 6 genera, whereas Potapov (1985) recognized 19 species and 8 genera. The difference in number of species recognized stems from several highly geographically variable species. This taxonomic instability at different hierarchical levels provides a useful context for comparing phylogenetic performance of multiple loci.
In the first use of mitochondrial DNA (mtDNA) sequences for reconstructing the phylogeny of grouse, Ellsworth et al. (1996) concluded that Bonasa bonasia was sister to Meleagris gallopavo, which is outside the otherwise monophyletic Tetraoninae. Recent studies of grouse phylogeny based on sequences of much larger fragments of mtDNA (Dimcheff et al., 2000; Gutiérrez et al., 2000) have strongly supported the monophyly of grouse and their division into several major clades. However, these studies did not VOL. 51 include all species of grouse, and relationships among major clades of grouse and the systematic position of some species was not well resolved. All currently recognized species of grouse and most of the taxa of uncertain status were included in the present study.
MATERIALS AND METHODS

Taxonomy, Samples, Loci, PCR Amplification, and Sequencing
Scientific names follow the AOU (1998, 2000) for Nearctic grouse and Potapov (1985) for Palearctic grouse except Tetrao parvirostris, which was listed as T. urogalloides by Potapov. Tissue samples of 53 individuals representing all currently recognized species of grouse and several distinct forms whose taxonomic status is in dispute were included in this study (Appendix 1). All species except Centrocercus minimus were represented by more than a single individual. The use of multiple individuals is essential for phylogenetic studies because it facilitates identification of simple lab mistakes (e.g., incorrect labeling, contamination), existence of cryptic species, and flaws in taxonomy. Furthermore, sequencing of multiple individuals allows distinguishing between inter-and intraspecific variation, which is the essence of taxonomy. For C. minimus, DNA was extracted, and all loci were sequenced twice. 
To examine the monophyly of grouse and to determine their closest relatives samples of 16 individuals of 15 other species of galliforms were initially included. Only 11 species of Phasianinae and Meleagris gallopavo were included in the current analysis because megapodes (Megapodidae), cracids (Cracidae), New World quail (Odontophoridae), and guineafowl (Numididae) are too distantly related to grouse to be helpful.
Total genomic DNA was extracted from frozen tissue or tissue preserved in 96% ethanol using QIAamp Tissue Kit (Qaigen). All fragments were amplified with PerkinElmer PCR reagents and sequenced directly on an ABI 377 sequencer using BigDye chemistry (Applied Biosystems).
Two W-specific loci were sequenced for females: a 331-bp fragment of a pseudogene (WPG; Ogawa et al., 1997) and the 854-bp second intron of the functional copy of the ASW gene (ASWI2; Binder, 1997; O'Neill et al., 2000) . The PCR profile suggested by Ogawa et al. (1997) was used for both loci. Primers reported by Ogawa et al. (1997) performed well for both amplification and sequencing of WPG.
Amplification primers (ASWI2-D and ASWI2-R; Table 1 ) were designed from sequences of Gallus gallus ASW exons 2 and 3 (Binder, 1997; O'Neill et al., 2000) . Incomplete grouse sequences obtained with these primers were used to design grousespecific primers (ASWI2-D3, ASWI2-R2; Table 1 ) that performed better both for amplification and sequencing of ASWI2. The internal sequencing primer ASWI2-D2 was designed for better coverage of the middle section of ASWI2. All PCRs with ASW primers amplified several fragments, some of which were homologous to ASW (possibly pseudogenes; Binder, 1997) , and some of which were not homologous to ASW. These fragments were separated on a 0.8% agarose gel and extracted with the QI-AEX II DNA extraction Kit (Qiagen) for sequencing.
The 862-bp-long third intron of the G3 domain of the aggrecan gene (AG3I3; Chandrasekaran and Tanzer, 1993) and the 1,206-bp-long mitochondrial CR were sequenced for individuals of both sexes. I used Gallus gallus aggrecan sequences available in GenBank (accession no. M88101) to design six PCR primers (direct primers: AG3I3-D1, AG3I3-D2, AG3I3-D3; reverse primers: AG3I3-R1, AG3I3-R2, AG3I3-R3) and three sequencing primers (direct primers: AG3I3-S1, AG3I3-S2; reverse primer: AG3I3-SR1; Table 1 ). The PCR profile for AG3I3 was the same as above; however, the annealing temperature was reduced to 55
• C. All primer pairs yielded several PCR products. As above, these fragments were separated on a 0.8% agarose gel and extracted with the QI-AEX II DNA extraction kit (Qiagen) for sequencing. There were no heterozygous sites in the AG3I3 sequences.
For Meleagris gallopavo, Tragopan satyra, and all grouse except Palearctic Bonasa (B. bonasia and B. sewerzowi), CR was amplified with primers L16758 and H1251 (Sorenson et al., 1999) modified to match Gallus gallus sequence. For the Palearctic Bonasa, I amplified CR in two parts with primers L16758 and H774, and L537 and H1251 (Sorensen et al., 1999) because the amplification with the first pair of primers was weak. CR was sequenced with primers L16758, L436, L537, H390, H774, and H1251 (Sorensen et al., 1999) and additional primers that were designed for this study: CH263, CH528, GL643, WTD, and WTR (Table 1) . The PCR profile of Ogawa et al. (1997) was slightly modified for amplification of CR. The annealing temperature was reduced to 55
• C, and the number of cycles was reduced to 25. A large portion (≥75%) of all fragments was sequenced in both directions for each individual.
Phylogenetic Analysis
Sequences were aligned automatically by Sequencher 3.0 (Gene Codes Corp.) software and then verified by eye. Changes to the Sequencher alignment were made only for small hypervariable segments of CR domains I and II, where multiple indels and single nucleotide repeats prevented accurate automatic alignment. A maximum likelihood (ML) phylogenetic analysis for each locus separately and for the combined data set was performed using PAUP* 4.0 (Swofford, 1998) . ML models and parameters were determined by AIC in Modeltest 3.06 (Posada and Crandall, 1998) . Taxa were added randomly for both ML and its bootstrap analysis (500 replicates for WPG, ASWI2, and AG3I3, and 100 replicates for CR and the combined data set). Only the results of the ML analyses are reported because for nuclear loci, unweighted maximum-parsimony (MP) bootstrap analysis yielded trees identical to the ML trees, and for CR the topology of the MP tree differed slightly from the ML tree by failing to resolve two nodes that received moderate support in the ML analysis. Furthermore, evidence derived from both simulated and empirical studies suggests that ML is more likely to recover the correct topology than are other methods (Huelsenbeck and Hillis, 1993; Huelsenbeck, 1995) .
Evaluating Quality of the Phylogenetic Signal for Different Loci
Rates of substitution differed dramatically across loci. Tree depths for all four loci were calculated to compare these rates. Tree depth was calculated as the average length of the path from the root of ingroup (grouse) taxa to the tips, expressed as substitutions per site.
For each locus, a g 1 statistic was calculated in PAUP* using only ingroup taxa to make them comparable and to avoid possible effects of distant outgroups. To evaluate tree stemminess, a slightly modified noncumulative stemminess index, St N (Rohlf et al., 1990) , was used. The St N is calculated as the ratio of internal branch lengths to the sum of the internal branch lengths and the lengths of a path leading to the nearest tip averaged over all internal branches (Rohlf et al., 1990) . Here, length of the path to the nearest tip was replaced by the average length of the paths to all tips in the clade supported by an internal branch because all four trees violated the molecular clock assumption. Polytomies were treated as n -2 branches of length 0, where n is the number of branches in a polytomy. The tree imbalance index, SI b (Rohlf et al., 1990) , was calculated for all bootstrap consensus trees. The tree imbalance index is calculated as the sum of differences between the number of taxa on either side of each node divided by (t − 2) (t − 1)/2, where t is the number of terminal taxa. Scores for polytomes were computed as
where n is the number of branches in a polytomy, T is number of terminal taxa in a polytomy, and t is the mean number of terminal taxa per branch (t = T/n).
RESULTS
W-Chromosome-Specific Loci
Modeltest 3.06 (Posada and Crandall, 1998) selected the HKY85 (Hasegawa et al., 1985) model with a transition/transversion ratio of 2.79 for WPG sequences of all species of grouse (except Centrocercus minimus), Meleagris gallopavo, and nine phasianids (tree depth-0.0113 substitutions/site; Table 2 ). There was significant AT bias in the nucleotide composition of the WPG sequences (G-test, P = 0.0012; Table 2 ). All taxa shared this AT bias, and there was no evidence of Modeltest 3.06 selected the TVM + G model (Posada and Crandall, 1998) for ASWI2 sequences of all species of grouse (except Centrocercus minimus) and their four closest outgroups: Meleagris gallopavo, Tragopan satyra, Perdix perdix, and P. dauuricae. TVM+G is a submodel of the GTR model (Rodríguez et al., 1990) in which transitions are weighted equally and the discretegamma model of substitution rates across sites (Yang, 1994) is included. The evolutionary rate of the ASWI2 (tree depth-0.0099 substitutions/site) appeared slightly lower than that of WPG (Table 2 ). There was no nucleotide bias or interspecific base composition heterogeneity in ASWI2 sequences. GenBank accession numbers for ASWI2 sequences are AF532315-AF532363.
Monophyly of grouse was strongly supported, and Meleagris gallopavo was the closest outgroup (Fig. 2) . Despite a much longer sequence than that of WPG, the resolution of the ASWI2 tree was low. Monophyly of Bonasa was not supported, and support for the clade that includes all other grouse was low. The New World clade (Centrocercus, Dendragapus, and Tympanuchus), the Lagopus clade, and the Tetrao/Lyrurus clade were poorly supported. However, between congeneric species ASWI2 provided more resolution than did WPG. Differences were found between Falcipennis canadensis and F. c. franklinii and between both species of Tetrao and Lyrurus. Also, the three species of Tympanuchus appeared to differ from each other, and the sister relationship of T. cupido (T. c. pinnatus and T. c. attwateri were identical in sequence) and T. pallidicinctus was strongly supported. In Lyrurus tetrix and Lagopus leucurus, ASWI2 identified intraspecific variation.
Intron 3 of G3 Domain of the Nuclear Aggrecan Gene
Modeltest 3.06 (Posada and Crandall, 1998 ) selected the TVM+G model for AG3I3 sequences of all species of grouse and two outgroups: Meleagris gallopavo and Tragopan satyra. The evolutionary rate of AG3I3 (0.02418 substitutions/site) was twice the rate of WPG and ASWI2 (Table 2 ). There was no nucleotide bias or interspecific base composition heterogeneity in AG3I3 sequences. GenBank accession numbers for AG3I3 sequences are AF532364-AF532411.
This analysis strongly supported the monophyly of grouse (Fig. 3) . The monophyly of Bonasa, Falcipennis, and Tetrao was not supported. Palearctic Bonasa were included in the large, poorly resolved clade with all other grouse. Although relationships within this large grouse clade were unresolved, one subgroup emerged that had strong bootstrap support. This subgroup included three North American genera: VOL. 51 FIGURE 2. ML bootstrap consensus tree based on ASWI2 sequences. Numbers next to branches indicate bootstrap support (500 replicates with a single random addition of taxa). Specimen identification is presented in parenthesis. See Appendix 1 for localities.
Centrocercus, Dendragapus, and Tympanuchus. Dendragapus and Tympanuchus were more closely related to each other than to Centrocercus, and the monophyletic Tympanuchus was divided into two subclades, one comprising T. pallidicinctus and T. cupido attwateri and the other comprising T. c. pinnatus and T. phasianellus. This subdivision of Tympanuchus was correlated with the presence of a 25-bp-long insertion between position 595 and 619 of the consensus sequence that was found only in T. c. pinnatus and T. phasianellus. The three Lagopus species also appeared monophyletic; however, the bootstrap support for this clade was low. Two Holarctic species, L. lagopus and L. mutus, were sisters.
A single male of Centrocercus minimus, recently proposed as a separate species McCance et al., 1999; AOU, 2000) , was included in the analysis of AG3I3. This individual was sister to C. urophasianus but differed by 1% of nucleotide divergence from the two individuals of C. urophasianus, which differed from each other by only 0.1%.
Mitochondrial Control Region
Modeltest 3.06 (Posada and Crandall, 1998 ) selected the TVM+G+I model for CR sequences of all species of grouse, Meleagris gallopavo, and Tragopan satyra (Fig. 4) . The G+I, or gamma + invariant model (Gu et al., 1995) , in the TVM+G+I model indicates that a portion of sites are invariable, and the discrete gamma approximation of substitution rates applies only to variable sites. The evolutionary rate of CR (tree depth-0.1304 substitutions/site) was an order of magnitude higher than that of the three nuclear loci (Table 2) . Guanine was severely underrepresented in CR sequences (G-test, P < 0.0001; Table 2 ). All taxa shared this nucleotide bias, and there was no evidence of heterogeneity of base composition among taxa. GenBank accession numbers for CR sequences are AF532412-AF532467.
The resolution of the CR tree was much higher than the resolution of the slowly evolving nuclear loci (Fig. 4) . Monophyly of grouse was strongly supported in the CR tree. Bonasa appeared monophyletic as did all other grouse, which were divided into three subclades. The first of these subclades, Lagopus, was strongly supported. The two Holarctic species, L. lagopus and L. mutus, were sisters. Within L. lagopus, two individuals that represent southern Eurasian mountain populations (Altai Mountains and Badzhal range) were monophyletic. I had two L. mutus from Alaska and three from Asia (Kamchatka, Magadan, and Lake Baikal), but individuals from the same continents were not sisters, indicating recent gene exchange across the northern Pacific. For L. leucurus, Colorado birds were very similar to two individuals from northern Washington.
The other two subclades of grouse, Falcipennis/Tetrao/Lyrurus and Centrocercus/ Dendragapus/Tympanuchus, were grouped together, but support for their monophyly was fairly low. Within the Centrocercus/ Dendragapus/Tympanuchus subclade Dendragapus and Tympanuchus were sisters. Centrocercus minimus differed from C. urophasianus from Montana and Utah. Thus, both independent loci that were sequenced for male C. minimus showed this taxon to be well diverged from C. urophasianus. For Dendragapus, the three individuals from Washington were distinct from the Utah bird, indicating the existence of two mitochondrial lineages.
The seven individuals of Tympanuchus, representing four morphologically and ecologically divergent forms, showed very little nucleotide divergence and were not VOL. 51 reciprocally monophyletic. Because females of Tympanuchus were reciprocally monophyletic in the analysis of ASWI2, this result was surprising. It is, however, consistent with other work showing that Tympanuchus is not reciprocally monophyletic in mitochondrial DNA and nuclear allozyme variation (Ellsworth et al., 1994) .
In the Falcipennis/Tetrao/Lyrurus subclade, all three genera appeared monophyletic, and Tetrao and Lyrurus were sister genera. The New World Falcipennis was subdivided into F. canadensis and F. c. franklinii. There was geographically concordant structuring within F. canadensis, with individuals from Michigan and Minnesota being more closely related to each other than they were to the individual from Alaska.
Heterogeneity Among Data Sets
and Combined Analysis The four loci appeared heterogeneous in several parameters. AG3I3 did not appear to share common phylogenetic history with the other three loci. The substitution rate of AG3I3 was two times greater and the substitution rate of CR was an order of magnitude greater than that of the two W-specific loci. WPG had a significant AT bias, ASWI2 had a marginally significant GT bias, AG3I3 had no bias in nucleotide composition, and CR had significantly underrepresented G (Table 2) . Furthermore, the Shimodaira-Hasegawa tests (Shimodaira and Hasegawa, 1999) implemented in PAUP * (Swofford, 1998) indicated incongruence in the phylogenetic signal of different loci (Table 3) . Therefore, combined analysis of all four loci should elucidate the effect of heterogeneity among data sets on phylogenetic reconstruction.
Modeltest 3.06 (Posada and Crandall, 1998) selected the GTR+G+I model for combined sequences of all species of grouse (there were no W-specific sequences for the male Centrocercus minimus), Meleagris gallopavo, and Tragopan satyra (Fig. 5) . The evolutionary rate of the combined data set (tree depth-0.0500 substitutions/site) was intermediate between that of CR and that of the three nuclear loci (Table 2) . Guanine was underrepresented and thymine was overrepresented in combined sequences (G-test, Table 2 ). All taxa shared this nucleotide bias, and there was no evidence of heterogeneity of base composition among taxa. The topology of the tree based on the combined data set was almost identical to that of the CR tree. The only difference was that the Centrocercus/Dendragapus/Tympanuchus clade was not the sister of the Falcipennis/Tetrao/Lyrurus clade, rather it was the sister of Lagopus. However, this grouping of Centrocercus/Dendragapus/Tympanuchus with Lagopus had bootstrap support of <50% (Fig. 5) . When forced on CR data, the combined data set topology had only a marginally significantly worse score than the best CR tree (Shimodaira-Hasegawa, P = 0.13). When the CR topology was forced on combined data, the score was not significantly different than the score of the combined data set topology (ShimodairaHasegawa, P = 0.53). A one-sample sign test for the difference in bootstrap values between the CR and the combined data set trees showed no significant effect of combining data on bootstrap values (P = 0.15). Thus, in this empirical example, the addition of three loci to the CR data set affected neither resolution nor bootstrap support.
Evaluating Quality of the Phylogenetic Signal of Different Loci
The tree stemminess of the CR tree was the highest, and the WPG tree had the lowest stemminess (Table 2) . Tree imbalance was the lowest for the CR tree and greatest for the WPG tree. The g 1 statistic for all four loci was significantly negative. The g 1 was the highest for CR and the lowest for ASWI2. Stemminess, imbalance, and g 1 were intercorrelated. Stemminess and imbalance were negatively correlated (r = −0.985, df = 3, P = 0.0150), indicating that trees with high stemminess also are symmetric. The g 1 statistic was positively correlated with stemminess (r = 0.980, df = 3, P = 0.0214) and negatively correlated with imbalance (r = −0.974, df = 3, P = 0.0304).
Both tree stemminess (St N = 0.679 + 0.070 * ln(ER); df = 3, adjusted R 2 = 0.898, P = 0.0347) and imbalance (SI b = −0.111 − 0.099 * ln(ER); df = 3, adjusted R 2 = 0.946, P = 0.0182) were significantly correlated with VOL. 51 FIGURE 5. ML bootstrap consensus tree based on combined sequences of all four loci. Numbers next to branches indicate bootstrap support (100 replicates with a single random addition of taxa). Specimen identification is presented in parenthesis. See Appendix 1 for localities. evolutionary rate. The g 1 statistic was marginally significantly correlated with evolutionary rate (g 1 = 0.726 + 0.523 * ln(ER); df = 3, adjusted R 2 = 0.767, P = 0.0810). These correlations indicate that quickly evolving loci produce symmetric trees with high stemminess. Contrary to predictions, quickly evolving loci seem to produce less negatively skewed tree score distributions than do slowly evolving loci. Number of haplotypes was correlated only with tree imbalance * N h ; df=3, adjusted R 2 = 0.863, P = 0.0466), indicating that addition of the haplotypes may improve tree balance. Sequence length had no effect on tree stemminess, balance, or g 1 statistic,
indicating that addition of characters has limited effect on tree resolution.
DISCUSSION
Molecular Phylogeny of Grouse
Relationships among the grouse have been debated extensively, with little agreement between authors (Short, 1967; Johnsgard, 1983; Potapov, 1985; Sibley and Monroe, 1990) . Grouse represent a difficult case because many taxa differ in size, shape, behavior, and habitats; yet grouse as a group are remarkably similar, unique, and cohesive when compared to other galliforms. This situation has created much confusion over the status of the whole group and over the generic and specific limits within the grouse.
Molecular data showed that grouse are monophyletic and represent a recent radiation imbedded within Phasianinae rather than being the sister clade to other phasianids. This conclusion supports the findings of Dimcheff et al. (2000) and Gutiérrez et al. (2000) , who reconstructed grouse phylogeny based on several mitochondrial genes. I found Meleagrininae, which is currently also treated as separate subfamily of Phasianidae (Sibley and Monroe, 1990) , to be the closest living relatives to grouse.
Previous molecular studies of grouse based on mitochondrial genes failed to support the monophyly of several grouse genera (Ellsworth et al., 1996; Dimcheff et al., 2000; Gutiérrez et al., 2000) , including Bonasa, Falcipennis, and Lagopus. Use of noncoding sequences and multiple individuals of all but one currently recognized species of grouse resulted in moderate to high support for the monophyly of all grouse genera. Bonasa, whose monophyly was supported in CR and WPG trees, is the sister to all other grouse. Soon after its origin, Bonasa was separated into New and Old World lineages (subgenera Bonasa and Tetrastes, respectively), the consequences of which are a single species in North America (B. umbellus) and two species in Eurasia (B. bonasia and B. sewerzowi). All three species occupy similar habitats in geographically isolated areas. Though they inhabit a variety of deciduous and mixed forests, each of these species prefer thickets along streams, especially at high elevations and high latitudes.
Monophyly of Lagopus was supported in three of four trees (WPG, AG3I3, and CR). Similar to Dimcheff et al. (2000) , I found Lagopus to be the sister to two clades more closely related to each other: Falcipennis/Tetrao/Lyrurus and Centrocercus/ Dendragapus/Tympanuchus. Lagopus includes three species adapted to living in arctic and/or mountain tundras. Two sisters are Holarctic. Lagopus lagopus inhabits moist tundras of the arctic and mountains and large bogs in boreal forests, and L. mutus inhabits dry arctic and mountain tundras. The third species, L. leucurus, inhabits dry, rocky alpine tundras of western North America.
Falcipennis/Tetrao/Lyrurus clade includes the Holarctic genus Falcipennis and two exclusively Palearctic sister genera, Tetrao and Lyrurus. This clade was supported only in the CR tree. Each of these genera has two currently recognized species. Although the monophyly of Falcipennis was supported only in the CR tree, WPG sequences of the New and Old World species were identical except for a single deletion of 4 bp in the Nearctic species (F. canadensis). Similar to Falcipennis, monophyly of Tetrao was supported only in the CR tree, and monophyly of Lyrurus was supported in the AG3I3 and CR trees. All species in this clade inhabit boreal forests of the temperate zone or upper mountain forests when they occur at lower latitudes. Most are adapted to feeding on various coniferous trees. Lyrurus mlokosiewiczi and L. tetrix feed on a variety of trees and shrubs but primarily on birch (Betula) buds and catkins in winter.
The monophyly of the exclusively Nearctic clade, which includes the genera Centrocercus, Dendragapus, and Tympanuchus, was supported in three out of four trees (WPG, AG3I3, and CR). Dendragapus is currently monotypic. Centrocercus includes two species whose sister relationship was supported in both trees that included both species (AG3I3 and CR). Monophyly of Tympanuchus was supported in all four trees. However, species of Tympanuchus were not reciprocally monophyletic in three of four trees (WPG, AG3I3, and CR), and only the ASWI2 tree supported the sister relationship of T. cupido and T. pallidicinctus. Thus, my data are consistent with the conclusion of Ellsworth et al. (1994) , that speciation within Tympanuchus is very recent. Despite obvious morphological and ecological differences, the species still carry ancestral genetic polymorphism that is similar or even lower than intraspecific variation in the other species of grouse (Fig. 4) . Species in this clade inhabit arid forests, shrub steppe, and grasslands of western North America (only one recently extinct form, T. cupido cupido, is known from the Atlantic coast). In all species in this clade, males possess unique inflatable resonators on their necks for producing sounds during display. Because these species are specialized for different habitats, their morphology differs to a greater extent than that of members of the other three clades. None of the traditional taxonomies (Short, 1967; Johnsgard, 1983; Potapov, 1985) recognize monophyly of these three Nearctic genera.
Recognition of specific limits of grouse is controversial. Some geographically isolated forms are treated as conspecific, whereas others are treated as distinct species. Each of these pairs represents geographically isolated forms with similar habitat requirements, and their morphology is also similar. However, for each of these pairs considerable differences in reproductive behavior have been reported. With the exception of Tympanuchus, my data show that for all of these pairs nucleotide divergence between controversial forms is significantly greater than differences among individuals within a form. Thus, all these controversial forms should be treated as separate species.
Phylogenetic Performance of Different Loci and Combined Data Set
Tree stemminess and balance are related to the accuracy of the phylogenetic reconstruction (Rohlf et al., 1990; Smith, 1994; Kim, 1998) . Data presented here show that both parameters increased with increased substitution rates. Because of these correlations, the tree based on quickly evolving CR sequences was better resolved than trees based on slowly evolving nuclear loci at all levels, including deep nodes. Thus, my data are in agreement with Yang's (1998) conclusion that quickly evolving loci are better suited for phylogenetic reconstruction than are slowly evolving loci because they produce phylogenies with better resolution that are more likely to be correct.
Contrary to tree stemminess and imbalance, g 1 behaved opposite to the predictions (Fitch, 1979 (Fitch, , 1984 Hillis, 1991; Huelsenbeck, 1991 ; but see Källersjö et al., 1992) ; g 1 values were positively correlated with stemminess and negatively correlated with imbalance. These correlations imply that the more symmetric the best score tree is and the higher its stemminess, the greater number of trees with similar scores are around it.
The four loci appeared heterogeneous in substitution rates and base composition. Furthermore, different loci produced incongruent topologies. This heterogeneity and differences in topology argue against combining loci for simultaneous analysis (de Queiroz et al., 1995; Huelsenbeck et al., 1996) . The combined data set did not improve resolution or bootstrap support for the clades of the CR tree; rather, it obscured the relationships among the three non-Bonasa clades. Thus, the presented data analysis showed that the quality of phylogenetic signal is a critical factor for phylogenetic reconstruction and that longer sequences do not necessarily improve the signal. This conclusion is similar to that reached by Naylor and Brown (1998) although the reasons are different.
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